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(54) Low voHage-drop electrical contact for gallium (aluminium, indium) nitride 



(57) An electrical contact (130, 230, 330, 430) that 
compitses a layer (11 6} of a p-type gallium nitride mate- 
rial, a metal layer (134), and a Intermediate layer (132, 
232, 332, 432) of B materiel dtflerent from the gallium 
nrtilde material and the metal layer. The Intermediate 
layer is sandwiched between the layer of p-type gallium 
nitride material and the metal layer. The material of the 
intermediate layer (132) may be a Group lll-V semicon- 
ductor that has high band-gap energy, lower than that of 
the p-type galGum nitride msterlaL The Intermediate 
layer may alternatively Include layers (e.S.. 240, 
242, 244) of different Group lll-V semiconductors. The 
lEQrers of the different Group (ll-V aemloonductors are 
amtnged In order of their band-gap energies; with the 



Group lll-V semiconductor hating the highest band-gap 
energy next to the layer of the p-type gallium nitride 
material, and the Gmvp III-V semiconductor having the 
lowest bad-gap energy next to the metal layer. As a fur- 
ther aHemafive, the material of Hie intermediate layer 
(332) may bea metal nitride. As a yet further alternative, 
the materiel of the Intemiediate layer (432) may be a 
gallium nitride material In which a percentage of the 
nitrogen atoms are replaced by a mole fraction x of 
atoms of at least one other Qrotq) V element. ITte value 
of jr is dose to zero next to tfie k^er (1 1 6) of p-^ gal- 
Eum nitride material, and Is substanflally (^eater than 
zero next to the metal Itryer (134). 
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Description 

Field of the Invention 

The invention relates to an electrical contact to gal- 
lium (Al, In) nitride, and, in particular, to an electrical 
contact suitable for making an electrical connection to 
the p-type gaWium nitride of a semiconductor device 
such as a blue-emitttng laser. 

Background of the Invention 

Semiconductor materials such as gallium nitride 
(GaN), aluminum gallium nitride (AIGaN), irxJium gal- 
lium nitride (InGaN) and aluminum indium gallium 
nitride (AllnOaN) are used In many different semicon- 
ductor devices. In particular, such semiconductor mate- 
rials are used In transistors, and In vertical-cavity 
surface-emitting lasers (VCSELe), In-plane lasers, and 
light-emitttno diodes (LEDe) structured to emit light 
ranging In wavelength from red through ultra-violet In 
the following descr^tion. the term gallium nitride 
material will be understood to refer to any of the above- 
mentioned eemiconductor materials. 

Semiconductor de/ices made from gallium nitride 
materials commonly Include one or more electrical con- 
tacts through which electric current received via a bond- 
ing wire is distributed across the surfece of the gallium 
nitride material for conduction through the bulk of the 
gallium nitride material. To minimize heat generation in 
the senticonductor device, the electrical resistance of 
the electrical contact and the voltage drop across the p- 
contact should be a minimum. 

Electrical contacts made to gallium nitride materials 
include n-conlacts made to gaDitni nitride materials 
doped with donor Impurities, and p-contacts made to 
gallium nitride materials doped wHh acceptor ImpurKies. 
Of these two types of contact, obtaining a p-contact with 
a low contact resistance end low voKage drop Is the 
mora difficutt 

Conventional eemiconductor devices using gallium 
nitride materials form a p^oontacl by depositing a con- 
ductive metal directiy on the suitaca of the p-type gal- 
lium nitride material. For example, in such conventional 
devices, a thin layer of a metal such as Utanlum. niche! ' 
or palladium may be deposited directly on the surface of 
the p-type gallium nItrkJe material. A much thicker layer 
of goU Is then deposited on the thin layer of metal. A 
thin Intemiediale layer of platinum may be interposed 
between the Ihin layer of metal and the thicker layer of < 
goM. 

Two main mechanisms prevent a conventional p- 
contact from having the desirable electrical characieris- 
tics stated above. First, the large work function differ- 
ence between the gallium nitride material and the metal s 
establishes a high potential barrier between the gallium 
nitride material and the metal. For gallium nitride, the 
potential barrier is typically about 3.4 V. Second, the 



maximum level of activated acceptor impurities that cur- 
rently can be reliably achieved in galiium nitride materi- 
als is between 10''-10'^ atoms.cm'^. This results in the 
p-type gallium nitride having a contact resistivity in the 
5 range 10"^- 10'^ ohm.cm^. This maximum level of acti- 
vated acceptor impurities is at least one order of magni- 
tude below that which will provide a contact resistivity in 
the range 1O '*-10'^ ohm.cm^. A contact resistivity in the 
range 10"^-1 0'^ ohm-cm^ is desirable for the p-contact 
10 to have an acceptably-low electrk^l resistance. 

The tow concentration of activated acceptor (p- 
type) Impurities that can be achi wed in a gallium nitride 
material is especially problematical in combination with 
the high potential barrier between the gallium nitride 
IB material and the layer of metal because it results in a 
wide depletion region that extends into the gallium 
nitride material from the internee between the layer of 
metal and the gallium nitride material. 

Moreover, in practical devk;es. the depletion zone is 
20 wider than that predicted from the potential barrier and 
the levd of acUvated acceptor impurities in ttie gallium 
nitride material. This Is because the effective level of 
activated acceptor impurities in the gallium nitride mate- 
rial next to the me'^al contact is k^wer than in similarly- 
ss doped bulk material. At the metal-gallium nitrkle mate- 
rial interface of the p-contact the metal typically reacts 
the nitrogen of the gallium nitride material to fonn 
metal nitrides. This removes nitrogen atoms from the 
gallium nitride material, leaving nitrogen vacancies in 
30 the gallium nitride material. The nitrogen vacancies act 
as donor sites that neubalize acjjacent acceptor sites in 
the gallium nitrkle material and lower the effective con- 
centration of activated acceptor Impurities. This further 
widens the depletion zone. 
S5 The voltage drop across conventional light- emitting 
devices using gallium nitride material is typically in tiie 
range of 5-7 volts. Of this voltage drop, only about 3 
volts is accounted for by the diode voltage of the device. 
Most of the rest of the voltage drop Is due to the voltage 
to drop of the p-oontact. 

A p-contact for a gallium nitride material that does 
not suffer from the disadvantages of known p-contacts 
is desirable, since such a p-contact wouM reduce heat 
drssipatkxi in the Genticonductor devices employing 
^ such contacts, in particular, a p-contact that would ena- 
ble a gallium nrb-ide material semiconductor device, 
such as a light-emitting device, to have a forward volt- 
age drop dose to the diode voltage of the gallium nitride 
material is desirable. 

0 

Summary of the Invention 

The Invention provides an electrical contact for a 
semiconductor device. The ^ectrcal contact comprises 
; a layer of p^e gallium nitride material, a metal layer, 
and an intermediate layer sandwiched between the 
semeonductor layer and the metal layer. The Intermedi- 
ate layer is a layer of a material different from the gal- 
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Mum nitride material arvd the metal. 

The material 0l the intermediate layer may be a 
Group lll-V Bemiconductor that has a high liid-gap 
energy, lower than that of the p-type gallium nitride 
material. The intermediate layer may alternatively 
include layers of different Qroip fll-V semiconductors. 
Tlie layeie of the different Group lll-V semiconductors 
are arranged In order of their band-gap energies, with 
theGroLqp fll-V semiconductor ha^nng the highest band- 
gap energy next to the layer of the p-type gallium nitride 
m^erial, and (he Group lll-V semiconductor having the 
lowest band-gap energy next to the metal layer: 

As a further alternative, the material of the Interme- 
diate layer be a metal nitride. 

The invention also provides sn electrical contact for 
a semiconductor dwice. The electrical contact com- 
prises a layer of doped gallium nitride material, a metal 
layer, and an intermediate layer sandwiched between 
the doped semiconductor layer and the metal layer. The 
intermediate layer is a gallium nitride material In which a 
mole fraction (l-x) of nitrogen atoms are rar^ced by a 
mole fraction x of atoms of at least one other Group V 
element Tbe mole fraction x In the intermediate layer is 
close to zero next to the clopecf gallium nitride materia, 
and is sJKtantially greater than zero next to the metal 
layer. TTie mole fraction x in the intermedfate layer next 
to the metal tc^er preferably has a value that provides a 
band-gap energy of less then one electron volt. 

Finally, the invention provides a method of reducing 
the resistivity of, and the voltage drc^ across, an ^ectri- 
cel contact to a p-lype gallium r^ide materiel. In the 
method, a p-contact Including the gallium nitride mate- 
rial and a metal layer are provided, and an intermediate 
layer is sandwiched between the layer of the gallium 
nitride material and the metal lever. TTie Intermediate 
layer Is a layer of a material different from the gaDium 
nitride material and the metal. 

The intermediato layer may be a single layer of 
material. The material of the fntermedisle layer may be 
a Group lll-V semiconductor that has a high band^ap 
energy, lower than that of the gallium nitride material. 
The matoial of the Intermediate Isfv may altematrvely 
be a metal nitride. 

Aftemstively, the Intermediate layer may tw formed 
by anvnging tayere of different Group I II- V semiconduc- 
tors between the p-type gallium nitride material and the 
metal layer. The layers of the different Group lll-V semi- 
conductors are arranged in oider of their band-gap 
energies, with the Group lll-V semiconductor having the 
highest band-gap energy next to the layer of p^ype gal- 
lium nitride material, and the Groip lll*V semiconductor 
having the lowest band-gap energy next to the metal 
layer. 

As a lurlher alternative, sandwiching the Intermedi- 
ate layer may include growng a layer of gallium nitride 
In which a mole fraction (l-x) of the nitrogen atoms have 
been ref^aced by a mole fraction x at atoms of el least 
one other Group V element on the p-type gallium nitride 
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material as the intermediate layer. The mole fraction x is 
increased and the mole fraction {^■x) is decreased as 
the intermediate layer grows in thickness towards a 
desired thickness. The metal layer Is then deposited on 
the intermediate layer. 

Brief Description of the Drawings 

Rgure 1 is a cross-sectional view showing a verti- 
cal-cavity surface-emflfing laser (VCSEL) as an exam- 
ple of a gallium nitride material semiconductor device 
incorporating a first embodiment of a p-contad accord- 
ing to the Invention. 

Rgure 2 is a aoss-sectional view showing part of a 
VCSEL as an example of a gallium nitride material sem- 
iconductor device incorporating a second embodiment 
of a p-contact accordirtg to the invention. 

Figure 3 Is a aoss-sectional view showing part of a 
VCSEL as an example of a gallium nitride material sem- 
iconductor device (ncorponating a third embodiment of a 
p-contact according to the Invention. 

Figure 4 Is a aoss-sectional view showing part of a 
VCSEL as an example of a gallium nitride material sem- 
iconductor device Incorporating a fourth embodimenl of 
a p<ontact according to the Invention. 

Figures SA and 5B show how the mole fractions of 
arsenic atoms and nitrogen atoms vary through the 
tNckness of the intermecfiate layer of the fourth ent»d- 
iment 

Detailed Description of the Invention 

Figure 1 is a cross-sectional view showing a 
VCSEL 100 as an exarr^e of a semioonductor device 
made us^g gallimn nitride material and that Incorpo- 
rates a first embodiment of a p^ontact according to the 
Inventioa ApplicationB of the p-contact accorcfing to the 
Invention are not restricted to VCSEU. but may Include 
any semiconducta device that employs a p-^ gallium 
ttitride material. As noted above, the term gaffium i^trkJe 
mterial encompasses gallium nitride, and gallium 
nifrfde In which a fraction of the galDum atoms have 
been replaced by aluminum atoms, Indiun atoms, or 
eluntinum or indium atoms. 

In the VCSEL 100. the lower min-or region 104 is 
grown on the layer 103 deposited on the substrate 102. 
The substrate Is preferably sapphire. The layer 103 Is a 
layer of n-typa gallium nitride materiel. Tlie acfive region 
106 Is grown on the lower mirror region 104. The active 
region Includes the Gght-genetating layer 108. The rtght 
generating layer Is preferably composed of indlian gal- 
lium nKride quantum wells sandwiched between two 
galliifln nitride or aluminum gallium nKride buffer regions 
110 and 112. AtteimtivBly, the Dght-generating layer 
may be a layer of bulk gallium nitride or incfium gallium 
nitride. The wavelength of the light generated by the 
VCSEL 100 depends on the material of the quantum 
wells or the bulk material. The upper mirror region 114 
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is grown on top of the active region 106. 

Both mirror regions 104 and 114 are composed o1 
alternating mirror layers of aluminum nitride or alumi- 
num gallium nitride and a gallium nitride material such 
as gallium nitride or aluminum gallium nitride. When the s 
min-or layers are alternating layers aluminum gallium 
nitride, the aluminum mole fraction is different in adja- 
cent layers. Each mirror layer has a thickness of X^4, 
where X„ is the wavelength of the light generated in the 
light-generating layer 108 in the semiconductor material fo 
of the mirror layer. The minor l^rs of the upper and 
lower mirror regions collectively constitute a respective 
dislribued Bragg reflector. Each distributed Bragg 
reflector has a high reflectivity at the waveiength of the 
light generated in the light-generating layer. The alumi- is 
num nrtride mirror layer 116 and the gallium nitride 
material minor layer 1 1 8 are shown as examples of the 
mirror layers constituting the upper min-or region 114. 

Each of the upper and lower mirror regions 104 and 
114 is Shown in Figure 1 with only five minor l^ersto 20 
simplify the drawing. In actual devices, the mirror 
regions are Composed of between dbout five and i^ut 
30 pairs of minor layers simitar to the pair of mirror lay- 
ers 116 and 116. 

The mirror regions 104 and 114 are made electri- zs 
cally conductive by doping the semiconductor materials 
of these regions with suitable impurities. In the example 
shown, the semiconducta materi^s of the lower n^rror 
region 104 ere doped with donor (n-type) impurities, 
and the semiconductor materials of the tpper mirror so 
region 1 14 are doped with acceptor (p-type) impurities. 
The quantum wells in the light-generating layer 108 are 
substantially undoped, so that the upper mirror region, 
the light-generating layer and the lower minor region 
collectively constitute a p-Ni diode. 35 

The implant zone 120 reduces the electrical con- 
ductivity of upper minor region 114 outside a central 
core zone 122 to confine current flow through the upper 
minor region to the core zone. The implant zone also 
confines current flow through the acb'va region 106 to a 40 
central zone substantially coextensive wHh the core 
zone. The Inplant region Is a zone of the tipper nirtor 
region In which suitable ions, euch as hydrogen ions, 
are implanted after the tipper mlircr region has been 
tornied. AHematively. a peripheral zone (not shown) of 4$ 
one or more of the mirror l^ers constituting the i^er 
min'or region adjacent the active region 106 can be oxi- 
dized to define the centraJ core zone 122. The oxidized 
zone is a zone of reduced conductivity, and provides a 
current confinement atructure that has the same effect eo 
as the h^plant zone 120. As a fijrther alternative, other 
ways of reducing the conductivity of a per^eral zone 
(not shown) of one or more of the mfnror layers consfitut- 
ing the upper min-or region adjacent the acfve region 
1 06 can be used to define the central core zone, ss 

The VCSEL 100 emits light in response to an elec- 
tric current passed in the forward direction through the 
p-i-n diode formed by the upper minor region 114. the 



active region 106 and the tower min'or region 104. Elac- 
trical connections to the upper and lower mirror regions 
are made through respective metal layers. The metal 
layer 105 is deposited on the n-type gallium nitride layer 
103 outside the semiconductor layers constituting the 
lower minor region, the active region and the upper mir- 
ror region and forms a conventional n-contact with the 
n-type GaN layer 103. The electrical connection 
between the metal layer 1 05 and the n-type lower minor 
region 104 Is made through the n-type gallium nitride 
layer 103. 

In the VCSEL 100 shown in Figure 1, the electrical 
connection to the p-type upper mirror region 114 Is 
made by the first embodiment 130 of the p-contact 
according to the invention. This p-oontact does not suf- 
fer from the above-mentioned perfomiance problems of 
a conventional p-contact The p-contact 130 Is formed 
on the upper surface 124 of the topmost p-type gallium 
nitride material layer 1 1 B of the upper mirror region end 
Is composed of the conductiva Intermediate layer 132 
sandwiched between the topmost p-type gallium nitride 
material layer lie and the metal layer 134. 

In the p^ntact 130, the material of the intermedi- 
ate layer 132 is a high band-gep energy Group lll-V 
semiconductor. The Group lll-V semiconductor of the 
intermedate layer is different from that of the p-type gal- 
lium nitride material layer 1 18. The intermediate layer Is 
deposited on the ifiper surface 124 of the tcpmost p- 
type gallium nitride material layer 1 1 8 of the upper mir- 
ror region 114. 

The metal layer 134 is composed at least one layer 
of a suitable metal d^»slted on the upper surface 138 
of the intermediate layer. In a rmtctical embodiment, the 
metaJ layer 1 34 Is composed of layers of three different 
metals. A layer of nickel about IOOA thick is deposited 
on the upper surface of the Intennediate layer. A layer of 
titanium, also about IOOA thick, is deposited on the 
layer of nickel, and a layer of gold about SOOOA thick fs 
deposited on the layer of titanium. The layers constitut- 
ing the metal layer 134 are not shown in Figure 1 to sim- 
plify the drawlno. 

ki a VCSEU euch as the VCSEL 100 shown In Rg- 
ure 1. in whtelt the light generated by the VCSEL Is 
emitted (ram the vppw surface 124, remote from the 
substrate 102. the metal layer 134 Includes the window 
139. The window Is fomied by selectively depositing the 
metal layer, or by depositing the metal layer, and then 
selectively removing pari of the metal layer. 

As noted ebove^ the material of the Intermediate 
layer 132 is a Groip lll-V semiconductor having a high 
bad-gap energy, but one that Is lower than that of the 
topmost p-type gallium nitride material layer 1 1 6 of the 
upper mirror region 1 14. The material of the Intennedi- 
ate layer is doped to as high a level as possbte with 
acceptor impurities to make the resistivity of the inter- 
mediate layer as low as possB^le, and to make the 
depletion zone In the Intermecfiate layer as nan'ow as 
possUe. 
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ff band-gap eneroy of the material of ttie intermedi- 
ate layer 132 is less than the quantum energy of the 
light generated by the VCSEL 100, the intermediate 
layer will be opaque to the light. In this case, e window 
(not shown) corresponding to the window 139 muct be e 
formed in the intermediate layer to allow the VCSEL to 
emit the tight it generalefi. The window is formed by 
setedtvely depositino the material of the Intermediate 
layer, or by depositing the material of the Intermediate 
Ijver, and then selectively removing part of the Interme- w 
diate layer. When a window is formed in the Intermedi- 
ate layer as Just desabed, the preferred thickness of 
the intermediate layer ranges from about SOO A lo about 
3.000 A. 

ff no window is formed tn the rnlermediate layer is 
132. so that the Intermediate layer underlies the window 
139, the thickness oft he intermediate layer should be 
an integral multiple of X^S. where Xn is the wavelength 
of the Nfi^ generated In the light-generating region 106 
In the material of the Intermediate k^'er. With a thick- 20 
ness that Is en integral multiple of light reflected at 
the surface 138 Is in phase wfth the light reflected at all 
of the surfaces of the qpper mirror layer 1 14. The Inter- 
mediate layer has a current spreading effect, so it is 
desirable to make this layer relatively thick. A thidoiess 25 
that is a Integral mtitiple of and that Is about 1 ^m 
can be used, for example. 

The preferred material of the intenmecfiate layer 132 
is gallium phosphide (QaP). GaP is preferred because, 
of the Group Ill-Vsemnonductors other than the gaHium w 
nitride materials, this material has a band-gap energy 
closest to. but less than, the band gap energies of the 
gallium nitride materials. GaP has a band-gap energy of 
2.26 eV. whereas gallium nitride has a band-gap energy 
of 3.4 eV. Gap is also prefen-ed because, with present m 
doping techniques, H Is capable of being more heavily 
doped with acceptor Impurities than the g^lium nitride 
materials. Active impurity levels as high as 10™ 
atoms.cm"^ can be currently achieved. The relatively 
high band-gap energy of GaP reduces the voltage drop 40 
at the gallium phosphide/gallium nitrfde material Junc- 
tioa the Ngh active doping level that can be achieved 
In GaP reduces the contact resistivity of the GaP to 
about lO'^-IO'^ ohmcm^. when the metal layer 134 Is 
deposited directly on the layer 136. Although this resis- 4S 
tivity Is not as low es deeired, K is lower than that 
achieved with a cwiventfonal p«ontact to a gallm 
nitride material. 

An altemafive material for the intemiecfiale layer 
132 is a gallium nitride material that has a lower bad- eo 
gap energy than that of the topmost p-type galRum 
nitride material layer 1 18 of the tpper minw region 1 1 4. 
For example, If the topmost p-type gallium nftride mate- 
rial layer 1 18 is a layer of aluminum gallium nitride, the 
material of the Intemiediale layer may be Indium gallium ss 
nitride, gallium nitrida, or aluminum gallium nitride with a 
substantially lower mote fraction of atumirum atoms 
than that of the layer 1 16. K the topmoel p-type gellii^ 



nitride material layer 1 18 is a layer of oallium nitride, the 
material of the InternietSate layer may be indium gallium 
nitride. H the topmost p-type gallium nitride material 
layer 1 18 is a layer of indium gallium nitride, the material 
of the IntermecSato layer may be indium gallium nitride 
with a substantially larger mole fraction of Indium atoms. 

The VCSEL 100 may be made by gfowing a layer 
structure in a MOCVD reactor, and dividing the layer 
structure into individual VCSEU or VCSEL arrays. The 
layer structure including the intermediate layer 132 of 
the p-contact 130 can be grown in a eonventionet 
nrlride-process MOCVD reactor modified to include the 
phosphine feed required to grow the intemiodiate layer. 

Bgure 2 shows the VCSEL 200 as an exanfile of a 
gallium nitride semiconductor device Incorporating a 
second embocfiment 230 of a p-contact according to the 
invention. To simplify the drawing. Figure 2 shows only 
the topmost p^ype gallium nitride material layer 118. 
the oonyiosite intermediate layer 232 and the metal 
layer 134 of the VCSEL ZOO. The rest of the VCSEL 200 
Is Identical to the VCSEL 100 shown In Figure 1 and has 
been omftled. Elements that are Identical to those 
shown In Figure 1 are Indicated by the same reference 
numeral and will not be described again here. 

In the second entwdiment shown in Rgure 2. the 
p-conlact 230 according to the invention is farmed on 
the upper surface 124 of the topmost p-type gallium 
nitride material layer 1 1 8 of the ipier ntimor region 1 1 4. 
The p-contact 230 Is composed of the metal layer 134 
and the composite intermediate layer 232 sandwiched 
between the topmost (Hype gallium nitride material 
layer 1 18 and the metal layer. The composite intermedi- 
ate layar 232 Is conned of layers of different semi- 
oonductors. Each of the semlconductons is a Graup II!- 
V semioonductor diffiarent from the semiconductor 
material of the p-type gallium nitride materiel layer 1 1 8. 
Each of the Group lll-V semiconductors has e bond-gap 
energy. The l^rs of the different semiconductors are 
anonged In order of band-gap energy, with the Group 
Ill-V semiconductor having ttie highest band-gap 
energy next to the topmost p-(ype gallium nitride mate- 
rial l^r 1 18, and the Group III-V senticonductor ha\^ 
the lowest bad^iap energy next to the metal 1^ 134. 

The oomposfle bUennedlate layer 232 Is more 
effective at reducing the voltage drop at the p-contact 
230 than the fntemndiate layer 132 composed of the 
single Iqrer of a Group lll-v semiconductor shown k\ 
Figure 1 because of the progresstvely-redudno band- 
gap energies of the Group Ill-V semloondudore dis- 
posed between the galPum nitride material layer and the 
metal layer 134. 

In the composite intermediate layer 232, the Group 
Ill-V semiconductor of the layer adjacent tha gallium 
nitride material layer of the upper mlffor retf on Is prefer- 
ably GaP because, of the Qm^ m-v semiconductors 
other than the gallium nitiida materials, this material has 
a band-gap energy closest to, but less than, the band 
gap energies ol the gallium nitride materials. The Group 
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III-V Bemiconductors in the layers between the GaP 
layer and ihe metal layer 134 have lower t»nd-gap 
energies than that of GaP. but are preferably Group llt-V 
eemiconductOTB that can be doped to much greater 
impurity le/els than QaR 5 

tn the example shown in Figure 2, the composite 
intermediate layer 232 is composed of the layer 240 of 
gallium phosphide (GaP) contacfing the top surlace 124 
of the topmost p-type g^lium nitride materia) layer 1 18 
of the upper mirror region 1 14, the layer 242 of Blivni- io 
num indium gallium phosphide (WlnGaP) contacting the 
Gap layer 240, and the layer 244 of Indium gallium 
phosphide (InGaP) contacting the AllnGaP layer 242. 
The metal layer 134 is deposited on the surface 238 of 
the composite intermediate layer, l.e., on the smfece of is 
the InGaP layer remote from the AJInQaP layer. 

If the band-gap energy of the material of any the 
Group III-V semiconductor layers constituting the com- 
posite intermediate layer 2ZZ Is less than the quantum 
energy of the light genarated by the VCSEL 200, the 20 
Group III-V semiconductor layer will be opaque to the 
light In this case, a window con-esponding to the win- 
dow 1 39 must be fomied in the Group Hl-V semiconduc- 
tor layer to allow the VCSEL to emit the light it 
generates. The window Is formed by selectively depos- 2s 
ita'ng the Group III-V semiconductor layer, or by deposit- 
ing the Group III-V semiconductor layer, end then 
selectively removing part of the Group III-V semicon- 
ductor layer. 

In the example shown in Figure 2, the band-gap so 
energy of the Group III-V semiconductor layers 240, 242 
and 244 constituting the composite intermediate layer 
232 is less than the quantum energy of the light gener- 
ated by the VCSEL £00. Consequently, the window 246 
Is shown extending through all three of the layers 240, 35 
242 and 244. Alternatively, depending on the wave- 
length of the light generated by the VCSEL 200, the win- 
dow 246 may extend through only the Group III-V 
semiconductor layer 244, or through the Omup ill-V 
semiconductor layers 244 and 24£, or the window 246 40 
may be omitted. The prefen-ed thtcfviess of the Qrovp 
III-V somiconduclor layers that constitule the composite 
Intermediate layer 232 and bi which a window Is formed 
ranges from about 500 A to about 3.000 A. 

H part of any of the Group III-V semiconductor lay- 45 
ers constituting Ihe composite Intemiediale layer 232 
underlies the window 139, the thickness of such Group 
III-V semiconductor layer should be a Integral multiple of 
Xnffi. where X„ is the wavelength of the Kght generated 
In the lighl-generating region 106 In the material of the a 
Group III-V semiconductor layer. Group III-V semioon- 
ductor layers underiyfng the window 139 have a current 
spreading effect co It Is desirable to make these layers 
relatively 1hid< A thickness about 1 (im that is a Integral 
multiple of can be used, for example. ss 

Each of the Group III-V semiconductor layers con- 
stituting the composite Intermediate layer 232 is doped 
with an acceptor (p-type) Impurity to as high a Impurity 



level as possible. With current techniques, the GaP 
layer 240. the AllnQaP layer 242 and the InGaP layer 
244 can Bach be doped to as high as 1 0™ atoms.cc"^ of 
activated acceptor impurities. 

The composite intermediate layer 232 may include 
fewer or more layers than the rujmber of layers shown in 
Figure 2. Moreover. Group III-V semiconductors other 
than GaP, AllnGaP and InGaP may be used to form the 
oonposite Intermediate layer 232. For example, a layer 
of indium gallium phospiiide (InGaP) may be used for a 
layer, such as the layer 242, in the middle of the com- 
posite intermediate layer. K is advantageous to form the 
layer 244. next to the metal layer 134. from gallium arse- 
nide nitride (GaAsN) due to the very low bad-gap 
energy of this material. InGaAs could be used in the 
layer 244. The layer 240 next to the p-type gallium 
nitride material layer 1 18 may be a gallium nitride mate- 
rial that has a lower band-gap energy than that of the 
topmost p-type gallium nitride material layer 1 18 of the 
upper min-or region 1 1 4, as described above with refer- 
ence to Figure 1. 

Rgure 3 shows the VCSEL 300 as an example of a 
gallium nitride semiconductor device incoiporating a 
third embodment 330 of a p-oontact according to the 
invention. To simplify the drawing. Figure 3 shows only 
the topmost p^e gallium nitride material layer 118, 
the intermediate layer 332 and the metal layer 134 of 
the VCSEL 300. The rest of the VCSEL 300 is Identical 
to the VCSEL 1 00 shown in Figure 1 and has been omit- 
ted. Elements that are identical to those shown in Figure 
1 are indicated by the same reference numeral and will 
not be described again here. 

In the third embodiment shown in Figure 3, the p* 
contact 330 according to the invention is formed on the 
upper suriace 124 of the topmost p-type gallium nitride 
material layer 1 1 8 of the ipper mirror region 1 14. The p- 
oontacl 330 is composed of the metal layer 134 and the 
intermedate layer 332 sandwiched between the top- 
most i>-type gallium nitride material layer 118 and the 
metal layer. In this embodiment the material of the 
intermediate layer 332 Is a metal nitrida Trtanium nitride 
is the prefen-ed metal nitride because it is conductive 
and will fonn a stable Interface with a gallium nitride 
material. 

Titanium nitride is opaque to the light generated by 
the VCSEL 300. and so the window 346 con-esponding 
to the window 139 is formed in the intenmediale layer 
332 to anow the VCSEL to emit the light ft generates. 
The window is formed by selectively depositing the tita- 
nium nitride, or by depositing the fitanlum nitride layer, 
and then sele^ively removing part of the titanium nitride 
layer to form the window. The prefen-ed thicJmess of the 
titanium nitride layer is in the range of 100-1,000A. 

The preferred material of the metal layer 134 that 
contacts the intermediate layer 332 is titanium. Other 
examples of the composition of the metal layer include a 
layered structure conposed of layers of nickel and gold, 
mth en optional addiUonal layer of aluminum deposited 
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on the layer of gold, and single layers of aluminum or 
gold. Tfie metal layer 1 34 is deposited on the Gurfece 
338 of the intermediate layer 332. 

The intermediate layer 332 provides the p-contact 
330 with a lower contact resistance than a conventional 
p-contact for gallium nitride materi^s because tt pre- 
vents the melal layer 134 from remo\^ng nitrogen from 
the gallium nitride material. Consequently, no donor 
sites that neutralize tho acceptor sites in the p-type gal- 
lium nitride material are fornied, and the effectrve dop- 
ing level of the p-type gallium nitride material te dose to 
that predicted from ttie concentration of acceptor impu- 
rities in the gallium nitride material. TTie higher effective 
doping level in the p-type gallium nitride material results 
in a narrower depletion zone In the gallium nitride mate- 
rial. 

Figure 4 shows the VCSEL 400 as an example of a 
gallium nitride semiconductor device jncorporating a 
fourth embodinwnt 430 of a p^ontact according to the 
invention. To simplify the drawing, Figure 4 shows only 
the topmost p-type gallium nitride materfal l^er 1 16, 
the intermediate layer 432 and the metal layer 134 of 
the VCSEL 400. The rest of the VCSEL 400 is IdenticaJ 
to the VCSEL 100 shown in Rgure 1 and has been omit- 
ted. Elements that are identical to those shown in Figure 
1 are indicated by the same reference numeral and wrfll 
not be descrit>ed again here. 

In the fourth embodiment shown in Figure 4, the p- 
contact 430 according to the invention is formed on the 
upper surface 124 of the topmost p-type gallium nitride 
material layer 1 1 8 of the upper min'or region 114. The p- 
contact 430 is composed of the metal layer 134 and the 
intermediate layer 432 sandwiched between the top- 
most p-^e gallium nitride material layer 116 end the 
metal layer. In this embodiment, the material of the 
intennediate layer 432 Is p-type gallium arsenide nitride, 
^^^aAsjfN(i.x)< <n which the mole fraction x of arsenic 
atoms clianges from dose to zero next to the topmost p- 
type gallium nitride material tayer 1 18 to a substantially 
higher vtdue next to the metal layer 134, and in which 
the mole ftvction (1-x) of nitrogen atoms changes in a 
conplementary wcy. The mde fractions of arsenic 
atoms and of nitrogen atoms may change progressively 
or In steps. TTie gallium arserdde nitride of the Interme- 
diate layer Is doped to as high a level as possUe with a 
suitable acceptor impurity, such as canon or magne- 
dum. 

In the intermediate k^r 432, the gallium areenide 
nitride next to tfie surface 1 24 of the tcpmoet p-type gal' 
lium nitride material layer 118 is similar to galPim 
nitride, because the value of the mole fracfion xte dose 
to zero. TTuiSi, the portion of the gallium arsenide nitride 
next to the topmost p-type gallium nitride material layer 
has a band-gap energy dose to that of the gallium 
nitride material of the layer 1 1S. The mole fraction x of 
arsenic atoms in the gallium arsenide nitride of the inter- 
mediate layer Increases towards the surface 438. As the 
mole fraction x Inaeaees, the band-gap energy of the 
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gallium arsenide nitride decreases. The mde fraction x 
of arsenic atoms is controlled so that it reaches a value 
et or near a maximum at ttie suriace 438 of tlie interme- 
diate layer. The mole fraction x at the euriace 438 is 
preferaljly in the range from about 0.2 to about 0.7. A 
mole fraction x In this rage reduces the band-gap 
energy of the gallium arsenide nitride to bekw about 
one electron-vott and residts in a low potential ban'ier 
between the IntennediatQ layer and the metal k^r 134. 

The most preferred range of the arsenic mt^e frac- 
tion X near the surface 438 of the intermediate layer 432 
is from about 0.5 to atxiut 0.6. With a mole fraction x in 
this range, the bad-gap energy of gallium arsenide 
nitride is so low that the material has electrical conduc- 
tion properties sinvlar to those of a metal. The potential 
barrier between the gallium areenide nriride of the inter- 
mediate layer and the metal layer 134 Is dose to zero, 
so the surface 436 is an ideal suriace on which to 
deposit the metal U^r 134. A minimum In the band-gap 
energy of galBum arsenide nitride occws with an 
areenic mde fraction x of about 0.55. tncreasing the 
arsenic nide fraction b^nd about 0.55 causes the 
band-gap energy to increase. 

Rgures 5A and SB show how the arsenic mole frac- 
ton X and the nitrogen mole traction 1 -x vary in the 
intermediate tayer 432 between the surface 124 of the 
topmost p-type gallium niWde material layer 1 18 and 
the surface 438 of the intermediate layer. In Figure 5A, 
the arsenic mole fraction changes progressively from a 
minimum dose to the surface 124 to a value of at»ut 
0.55 near the suriace 438. In Figure SB, the arsenic 
fraction changes In steps itom a minimum close to the 
suriace 124 to a value of about 0.55 near the surface 
438. The arsenic and nitrogen mole fractions may be 
changed in fewn' or more steps than those ihom. 

The portion of the gallium arserMe nitride of the 
intermediate layer 432 near the surface 438 has a low 
band-gap voltage end so will normally be opaque to the 
light generated by the VCSEL 400. Consequently, the 
window 446 corresponding to the window 1 39 Is fCKmed 
In the intermediate layer to aOow the VCSEL to emit the 
Rght ft generates. The window Is formed by seiecGvely 
depositing the gallium arsenide nitride, or b/ deposHing 
the gallium areenide nitride layer, and then selectrvety 
removing part of the galDun arsenide nitride layer to 
form the window. The preferred ttilctoiess of the gallium 
arsenide r^e layer is fn the range of several hundred 
to severalflwusand Angstroms. 

The pretend material of the metal layer 134 that 
contacts the Intermediate layer 432 is titanium. Other 
example of the conposition of the metal layer Include a 
layered structure composed of layers of nickel and gold, 
with a optional additional layer of aluminum d^wsited 
on the layer of gold, a layered structure composed of 
layers of titanium, platinum and gold, and single layers 
of platinum palladium gold or nickel. The metal layer 
134 is deposited on the surface 438 of the Intennediate 
layer 432. 
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The intermediate layer 432 can be flrown in the 
same MOCVD reactor as the other layers constitLiting 
the VCSEL 400 are grown. The intermediate layer can 
also be grown as a continuation of the process used to 
grow the other layers. The layer structure from which the e 
VCSEL is made can be grown In a conventional nitride- 
process MOCVD reactor modified to include a arsine 
feed. 

After the topnx}s( p-type gallium nitride material 
layer 1 16 has reached its desired thickness, deposition io 
of the p-^e gallium nitride material is continued to 
grow the intermediate layer 432, and a low flow rate of 
arsine is introduced Into the reactor so that gallium arse- 
nide nitride is d^x)sited as the intermediate l^r. Dur- 
ing initial growth of the intermediate layer, the flow rate is 
of the arsine is low so that the mole fraction of arsenic 
atoms in the gallium arsenide nitride is dose to zero, as 
shown in Figures 5A and 5B. 

Additloruilly, a flow of a suitable acceptor (p-type) 
impurity such as cartwn or magnesium te maintained eo 
into the reactor to dope the gallium arsenide nitride at 
B8 high a Impurity concentration as possble. The flow 
rate of the Impurity Is consistent with that of a Impurity 
concentration of about 1 0^ atoms.cm"^. However, since 
the impurity incorporation rate of gallium arsenide ss 
nitride in which the arsenic mole fraction is email is sim- 
ilar to that of gallium nitride, the activated impurfty con- 
centration in the portion of the intermediate layer dose 
to the surface 124 is only about 10^^ atoms.cm'^. 

As the thickness of the gallium ar&enlde nitride con- 30 
stituting the intermediate layer 432 inaeases, the flow 
rate of the arsine is Increased and the flow rate of the 
nitrogen is decreased so that the mole fraction of 
arsenic atoms in the galNum arsenide nitride Increases, 
and that of the nitrogen atoms decreases, as shown in as 
Figures 5A and 5B. Changes In the flow rates can be 
made progressively, as shown in Figure 5A or In steps, 
as shown In Figure SB. The flow rales are adjusted so 
that the mole fraction of arsenic atoms in the gallium 
arsenide nitride reaches a desired value when ttie Inter- 40 
mediate layer reaches its desired thickness. As noted 
at)ova, the desired value is preferably In the range of 0.2 
to 0.7, and is more preferably in the range of 0^ to 0.6. 

As the iHckness of the gallium arsenide nitride con- 
stituting the intermediate layer 432 Increases and the « 
moie fraction of arsenic atoms increases, the incorpora- 
tion of activated acceptor tmpurfties Increases. With cur- 
rent processing technology, a maximum ecb'vated 
Impuri^ concentration of greater than 10^° atoms-cm"^ 
can t>e achieved. As the gallium arsenide nitride so 
reaches its thickness, the Impurity flow may be discon- 
tinued. This Is t>ecauee the band-gap energy of the gal- 
lium arsenide nitride is eo kw near the surface 438 that 
no doping is required to provide It with adequate electri- 
cal corxfuctivlty. ss 

The intermecfiate layer 432 may alternatively be 
formed from gallium phosphkfe nitrkle, QaPyNf^.^. The 
band-gap energy of gallium phosphide nitride varies 



wth the phosphorus mole fraction y in a manner similar 
to ttiat in which the tiad-gap energy of gallium arsenide 
nitride varies with the arsenic rrrole fraction. The mini- 
mum in the bad-gap energy of gedlium phosphide nitride 
corresponds to a phosphorus mde fraction of about 
0.55. Also, a mole fraction of the gallium atoms In the 
gallium arsettide nitride or gallium phosphide nitride of 
the intermediate layer may be replaced with aluminum, 
irxiium, or alum'num and indium atoms. 

An electrical contact of the type just described, in 
which the intermediate layer is a layer of a gallium 
nHrlde material in which a mde fraction of the nitrogen 
atoms have been replaced by a mde fraction x of atoms 
of another Group V dement can also be used to pro- 
vkle a low resistance, low voltage-drop dectrical con- 
tact to a n^t^ gallium rtitride material, i.e., an n- 
oorttact. In this case, the gallium nitride material of the 
intermedalQ layer Is doped with a suitable donor impu- 
rity such as silicon or sdenium. 

Although this disdosure describes Illustrative 
embodiments of the Irrvention in detail, it is to t>e under- 
stood that the Invention Is rwt llntited to the predse 
emtxxtiments described, and that various modif ications 
may be practiced within the scope of the invention 
ddined by the appended claims. 

Claims 

1 . An electrical contact (130, 230. 330, 430) for a sem- 
iconductor device (100), ttie electrical contact com- 
prlsing: 

a layer (114) of a p-type gallium nitride mate- 
rial; 

a metal layer (134); and 
a intermediate layer (132, 232, 332, 432) of a 
material Afferent from the gallium nitride mate- 
rial and the rnetal, the Intemiediate layer being 
sandwiched between the layer of the p-type 
gallium nitride material and the metal layer. 

2. The dectrical oontact(130}ofclalm1, In which: 

the p-type gallium nitride material has a band- 
gap energy; and 

the material of the Intermediate layer (132) Is a 
Group III-V semiconductor tiavlng a high t>ad- 
gap eneigy, kiwer than the band-gap energy of 
the p^^pe gallium nHrlde material. 

3. The dectrical contact of ddm 1 or 2, In which the 
material of the IntemiedEate layer (130) Includes 
gallium phospNde (O&P)- 

A. The electrical contad ^0] of one of the preceding 
daims, In which the Intermediate layer (232) 
Indudes layers (e.g.. 240, 242, 244) of different 
Group III-V semicondudors each hairing a band- 
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gap energy, the layers of the different Qroup lll-V 
eemicondLxnoTB being arranged in order o( band- 
gap energies, wi^ the Group lll-V semiconductor 
having the highest band-gap energy next to the 
layer o( the p-type gallium nitride material, and the 5 
Qroup lll-V eemiconductor havlr^g the lowest band- 
gap energy next to the metal layer. 



5. The electrical contact of Claim 4. in which the Groif} 
lll-V senticonductor having the highest band-gap 
energy Is gallium phosphide. 

6. The electrical contact of daim 4 or 5, in which the 
l^rs of the different semiconductors indude: 
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a layer of a different gallium ititride material 
next to the layer of the gallium nitride material: 
end 

fi layer of gadium arsenide nitride next to the 
melallayer. go 

7. 'nieelectricalconlact(330)ofclaim1, inwhichthe 
material of the htermediate layer (332) is a metal 
nitride. 

25 

8. TTie electrical contact of daim 7, in which the metal 
nitride includes titanium nitride. 

9. The electrical contact (430) of daim 1 , In which the 
Intennediate layer (432) is a gallium nitride material so 
in which: 

a mde fracGon (l-j^ of nitrogen atoms are 
replaced 1^ a mole ftBcUon x of atoms of at 
least one other Group V element; and ss 
the mole fraction x in the Nermediate leyer is 
dose to zero next to the ganium nitride material 
(118). and is stdKtantiany greater than zero 
next to the metal layer (1 34) . 

40 

10. The electrical contad Of datm 9, inwhichthe mde 
fraction X bi the Intarmediato layer next to the metal 
layer has a value that provides the material of the 
Intennediate layer next to the metal layer with elec* 
trfcal conduction propert'es sbnilar to those of a « 
metal. 

11. A mdhod of recAidng the resistivity of, and witage 
drop across, a dectrtcal contact to a p-type gallium 
nitride material (1 ia). the method comprising: so 

providing a p-contact (130, 230, S30, 430) 
hduding the p-^pe QeSTum nitride material 
(lie) and a metal \ev&r (134); and 
sandwiching a intermediate l^er (132. 232. £5 
332, 432} of a materisl different from the gal- 
lium nitride material and the metal between the 
p-type gallium nitride matertal end the metal 



layer. 

12. The method of claim 11. in which: 

the p-type galGum nitride material has a band- 
gap energy: and 

the Intermediate layer (132} indudes a Group 
III-V semloondiictor having a high band-gap 
energy, lower than the band-gap energy of the 
p-type gallium nitride material. 

13. Themethodofclaimll or12,inwhichsandwic*iing 
the Intermediate layer indudes arranging layers 
(e.g., 240, 242, 244) of dfferent Group lll-V semi- 
conductors between the p-type gallium nitride 
materiel and the metal layo- to form the intermedi- 
ate layer, each of the cfifferent Group lll-V semicon- 
ductors having a band-gap energy, Vne layers of the 
different Group lll-V semiconductors being 
amtnged in order of band-gap enemies, vnth the 
Gioip lli-V senticonductor haring me h^hest 
band-gap energy next to the layer of the p-^ gal- 
lium nitride material, and the Group lll-V semicon- 
ductor having the lowest bend-gap energy next to 
the metal layer. 

14. The method of one of claims 11 to 13. in which the 
intermediate 1^ (332) includes a metal nitride. 

15. The method of one of daims 11 to 14, in vi^ich 
sandvnching tfie Intermediate layer irKludes: 

grow^g a \B^t of a gallium nitride material In 
which a mole fraction (l-;^ of nitrogen atoms 
are replaced b/ 8 mole fraction xof atoms of at 
least one other Qroup V element on the p-type 
gallium nitride material as the intermiediate 
layer (432); 

increasing the mole fraction x and reducing the 
mde fraction (1-x] as the bitermediate layer 
grows In thldmess towards a desired thick- 
ness; and 

depositing the metal layer (1 34) on the Intenne- 
diate ii^r. 

16. The method of claim 15, adcQtionally comprising: 

doping tfie intermediate layer (432) with a high 
activBted ooncentraSon of Impurities; and 
redudng the doping before the Intermediate 
layer reaches the desired thldoiess. 
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